Objectives: We examined trends in racial/ethnic, socioeconomic, and geographic disparities in age-and cause-specific infant mortality in the United States during 1915-2017.
Introduction
Infant mortality is an important indicator of a nation's health and well-being and is often seen as a marker for social progress and human development. [1] [2] [3] [4] Healthy People 2020, the national health initiative in the United States (US), continues to recognize infant mortality as a leading health indicator for the US. 5 Although the overall US rate has declined dramatically over time, racial/ethnic, socioeconomic, and geographic disparities in infant mortality have remained marked.
1,2,4, 6 The US lags behind other developed countries in its international ranking, as the decline in infant mortality has not kept pace with that for other nations. 1, 2, 3, 6, 7 Few studies have presented a comprehensive picture of time trends and socio-demographic differentials in infant mortality in the US although high-quality statistics have been available for the nation for over a century. 1, 2, 6, 8 A comprehensive analysis of long-term trends can provide important insights into the effectiveness of social and public health policies and interventions in reducing overall infant mortality, the nature and extent of contemporary social inequalities, and potential policy actions that could bring about further declines in infant mortality.
1,2,8 Historical accounts and major findings from such analyses can be immensely useful for researchers, public health professionals, and policymakers concerned with improvement in overall population health, and infant and child health in particular. Analyzing the dynamics of infant mortality inequalities for the US can yield valuable data and insights for international comparative studies involving other developed nations with similar levels of industrialization, human development, and economic achievement.
In this paper, we analyze long-term trends in US infant mortality rates (IMRs) according to race/ ethnicity, maternal socioeconomic status (SES), infant age at death, birthweight, length of gestation, maternal age, state and region of residence, and cause of death by using both historical and the latest national vital statistics data. 1, 2, 6, 8, 9 Our aim is to document the full extent of social inequalities by estimating educational gradients in infant mortality for the total population and for major racial/ethnic groups. While this study focuses on trends and inequalities within the US, a cross-national comparison of trends in IMRs for 37 industrialized countries provides an international context for the infant mortality disparities.
Methods
The national vital statistics mortality database was used to analyze trends in IMRs by infant age at death, maternal race, place of residence, and cause of death.
1,2,6,10-12 National linked birth and infant death files, developed by the National Center for Health Statistics as a byproduct of the natality and mortality components of the National Vital Statistics System, were used to compute IMRs by maternal age, birthweight, gestational age, detailed race/ethnicity, and maternal education disparities over time. [13] [14] [15] These linked databases are available as public-use files for the 1983 through 2011 birth cohorts and as period linked files from 2003 to 2016. [13] [14] [15] In the linked dataset, the death certificate is linked with corresponding birth certificate for each infant who dies in the US. For each national birth cohort, more than 23,000 infant deaths are linked to a cohort of about 4 million births each year.
13,14
The purpose of the linkage is to use many additional variables available from the birth certificate in infant mortality analysis. 13 10, 12 Log-linear regression was used to calculate average annual exponential rates of decline in infant mortality for various groups and geographic areas. 1, 8 An index of disparity, which approximated in relative terms the average deviation of the rates from the rate for the highest-educated group, was used to summarize disparities over time across all educational groups. 8, 16 This relative index of disparity was calculated as:
Where E ri is the rate for the ith group (i=1,2,3,4), E r4 is the rate for the highest-educated group, and I is the number of education groups being compared. Additionally, a population attributable risk (PAR%) measure was computed to assess the extent of improvement in infant mortality if all maternal education groups were to have the rate of the highest-educated group. 
Results

International disparities in infant mortality
The US ranks poorly in IMR when compared to other industrialized nations. The latest available data from 2015 shows a 3-to-4 times higher infant mortality rate in the US compared to Hong Kong, Singapore, and Finland ( Figure 1 ) and 31-51% higher than the rate for Canada and England & Wales. Among the 37 countries, the US had the seventh highest IMR, exceeded only by Bulgaria, Costa Rica, Romania, Chile, Puerto Rico, and Russia. The US also lags behind other developed countries in terms of infant mortality decline. 7 In 1960, the US ranked 12 th lowest in infant mortality. 2, 6 Its international ranking had slipped to 31 st in 2015.
Long-term trends in infant, neonatal, and postneonatal mortality by race/ethnicity
The IMR in the US showed a consistently downward trend between 1915 and 2000, with the rate declining from 99.9 per 1,000 live births in 1916 to 6.9 in 2000, at an impressive pace of 3.1% per year ( Figure 2 infants declined by 2.6% annually. Due to a slower decline in mortality for black infants, the racial disparity in the IMR increased between 1916 and 2017. In 1916, the rate for black infants was 184.9 deaths per 1,000 live births, 87% higher than the rate for white infants (99.0). In 1920, the black IMR was 43% higher than the white IMR. In 2017, the black IMR was 10.8 per 1,000 live births, 122% higher than the white IMR of 4.9.
In 2017, approximately two-thirds of infant deaths occurred in the neonatal period -the first 27 days of life ( Figure 3) . The racial disparity in neonatal mortality increased between 1916 and 2017, as white infants experienced faster declines (2.9% per year) in neonatal mortality than black infants (2.2% per year). Compared to white infants, the risk of neonatal mortality was 36% higher for black infants in 1920, but 109% higher in 2017 ( Figure 3 ). Since 1950, the risk of postneonatal mortality (between 28 days and 1 year of age) for black infants has been more than twice the risk for white infants. In 2017, the postneonatal mortality rate for black infants was 151% higher than the rate for white infants. Since 1982, the postneonatal mortality rate of black infants has exceeded the neonatal mortality rate of white infants ( Figure 3 ).
According to detailed racial/ethnic data for 2014-2016, the IMR was highest for non-Hispanic blacks (11.2), followed by AIANs (8.5), Hawaiians (7.0), Samoans (6.9), Puerto Ricans (6.6), non-Hispanic whites (5.0), Mexicans (4.9), Filipinos (4.5), Central/ South Americans (4.2), Cubans (4.0), Asian Indians (3.8), Vietnamese (3.8), Japanese (3.3), Koreans (2.9), and Chinese (2.3). Compared to non-Hispanic whites, the IMR was significantly higher for non-Hispanic blacks, AIANs, and Puerto Ricans and significantly lower for APIs and Central/South Americans. Thus, a detailed comparison shows an approximately fivefold racial/ethnic difference in the IMR (Figure 4 ).
Trends in infant mortality by birthweight, length of gestation, and maternal age
In 2016, the mortality rate for low-birthweight (<2,500 grams) infants was 23 times greater than the rate for normal-birthweight (≥2,500 grams) infants ( Figure 5 ). Nearly a quarter of all infants born with very low birthweight (<1,500 grams) die during the first year of life. The magnitude of decline in mortality over the past five decades was smaller for very-low-birthweight infants than for moderatelylow-birthweight (1,500-2,499 grams) and normalbirthweight infants ( Figure 5 ).
In 2016, the mortality rate for very-preterm (<32 weeks of gestation) infants was 65 times greater than the rate for infants born at term (37-39 weeks of gestation). Between 1960 and 2016, the mortality rates for very-preterm and term infants fell by 73% and 84%, respectively. The risk of mortality was higher among infants born to teen mothers and mothers aged ≥40 years. Between 1960 and 2016, the mortality rates for infants born to teen mothers, mothers aged 20-39, and older mothers fell by 74%, 85%, and 77% respectively.
Leading causes of infant death
The leading causes of infant death in 2016 were congenital anomalies (birth defects), short gestation/ low birthweight, sudden infant death syndrome (SIDS), maternal complications of pregnancy, unintentional injuries, cord and placental complications, and respiratory distress syndrome (RDS). 11, 12 Together, these causes accounted for 65% of all infant deaths in 2016 and 58% of all infant deaths in 1970, and the leading causes differed for the two time periods (Figure 6 ).
The annual trends in mortality from six major causes of infant death indicated generally downward trends in mortality from all causes, except for an upturn in mortality from unintentional injuries and a stable trend in mortality from prematurity/low birthweight in the past 2½ decades ( Figure 7 ). 2 Infant mortality from birth defects fell sharply and consistently from 361.4 deaths/100,000 live births in 1960 to 122.1 in 2016, at an annual rate of 2.2%. Although infant mortality from prematurity/ low birthweight fell dramatically from 457.0 deaths/100,000 live births in 1960 to 83.6 in 1988, it showed a slightly upward trend between 1988 and 2016. SIDS mortality declined markedly from 152.5 deaths/100,000 live births in 1980 to 38.0 in 2016, at an annual rate of 4.3%. RDS mortality showed a rapid downward trend between 1972 and 2016, falling at an annual rate of 7.6%. During 1960-2016, infant mortality from pneumonia and influenza fell by 7.5% per year. Between 1998 and 2016, infant mortality from unintentional injuries increased by 62%.
Trends in racial disparity in mortality from major causes of infant death
The black/white disparity in mortality from perinatal conditions increased consistently from 1970 through the early 1990s, but decreased slightly between 1993 and 2016. Compared to white infants, black infants had 2 times higher mortality from perinatal conditions in 1970, but a 2.6 times higher risk in 2016 (data not shown for brevity). Although infant mortality from birth defects showed a downward trend for both white and black infants, the pace of mortality decline was faster for white infants, leading to an increased racial disparity between 1970 and 2016. Black infants, whose mortality rate did not differ significantly from the white rate in 1970, had a 26% higher risk of birth defects mortality than white infants in 2016 (data not shown).
Infant mortality from pneumonia/influenza declined sharply for both white and black infants during 1970-2016. However, in 2016, black infants were still 3.1 times more likely to die from pneumonia/influenza than white infants. Between 1970 and 2016, mortality from unintentional injuries was more than halved for both white and black infants (data not shown). 2 However, in 2016, the rate for black infants was 66. 8 injuries per 100,000 live births, 2.7 times higher than the rate for white infants (24.9). Table 1 shows increasing educational disparities in infant mortality between 1986 and 2016. All education groups showed substantial declines in mortality, with the mortality rate for infants born to mothers with <12 years of education decreasing by 49% from 15.3 in 1986 to 7.8 deaths/1,000 live births in 2016. The rate for infants born to mothers with ≥16 years of education fell by 51% from 6.9 in 1986 to 3.3 deaths/1,000 live births in 2016.
Widening educational disparities in infant mortality
The index of inequality, summarizing the magnitude of disparities across four educational groups, shows an increasing overall disparity in infant mortality between 1986 and 2016, with the index score increasing from 48% in 1996 to 82% in 2016. The index also shows increasing educational disparities in neonatal and post-neonatal mortality over the same time period. The excess mortality estimates in Table 1 indicate that neonatal and post-neonatal mortality in 2016 would have declined by 37% and 56% if the mortality rate for all educational groups were the same as the rate for infants born to mothers with a college degree.
In 2016, relative risks (RRs) of mortality associated with maternal education indicate 135%, 119%, and 75% higher mortality risks for infants born to mothers with <12, 12, and 13-15 years of education than infants born to mothers with a college degree ( Table 1) (Figure 8 ). Educational gradients in post-neonatal mortality were marked for all racial/ ethnic groups. Non-Hispanic white and API mothers without a high school diploma had 5.2 and 3.4 times higher post-neonatal mortality rates than their counterparts with a college degree, respectively.
Widening geographic disparities in infant mortality
In 2015, the IMR varied considerably by state of residence, ranging from of 9.3/1,000 live births for Mississippi to 4.2 for New Hampshire and Iowa. DC and Mississippi had the highest IMRs (29.1 and 28.5, respectively) in 1970, with New Jersey having the lowest rate of 10.9. States in the Southeastern region had a substantially higher IMR than the rest of the US (Figure 9 ). Between 1970 and 2015, the IMR for each state declined by >50%. However, the state pattern in IMR has remained essentially the same over time. Coefficients of variation and relative indices of disparity show widening statelevel disparities in IMR across time (data not shown).
Trends by census regions show widening regional disparities in infant mortality (Figure 10 widening regional disparities in mortality over time.
In 1970, compared to New England, the IMR was 10% higher in the East Northcentral region and 41% higher in the Southeast region. These disparities increased to 55% and 79% higher in 2016, respectively.
Discussion
Dramatic declines in infant mortality among all sociodemographic groups over the past century represent a remarkable public health achievement for the US. 1, 2, 8 However, despite the impressive decline in overall infant mortality, three-to-fivefold racial/ethnic, socioeconomic, and geographic disparities in IMRs remain. Although infant mortality has declined in all educational groups over time, educational inequalities in infant mortality have increased in relative terms during the past three decades. The declines in infant mortality have been slower for the lower educational strata, the black population, and the Southeastern region, leading to widening socioeconomic, racial, and geographic disparities in infant mortality.
The current IMRs for many social groups and geographic areas fall short of the Healthy People 2020 target of 6.0 deaths/1,000 live births. 5 The racial/ ethnic groups falling short of the national target include blacks, AIANs, Hawaiians, Samoans, and Puerto Ricans. Many states, particularly those in the Southern region, such as Mississippi, DC, Alabama, Georgia, and Louisiana, face a formidable task of reducing their IMRs by 30-55% toward meeting the national target by 2020. Similarly, those in the lower educational strata (i.e., mothers with high school or lower education) will have to reduce their IMRs by 18-23% to meet the national target by 2020. In view of the recent slowdown of the decline in IMRs following several decades of consistent decline, efforts to reduce infant mortality must continue to target large socioeconomic, racial/ethnic, and geographic disparities that continue to exist. 2 The pattern of educational disparities in US infant mortality over the past three decades is consistent with studies showing persistent social class inequalities in infant mortality in the UK between 1975 and 2001 and widening inequalities between 1994 and 2006. 8, [17] [18] [19] Inequalities in infant mortality based on area-based measures of deprivation or social disadvantage are substantial for the US, which have widened in the past three decades, a pattern similar to that for the UK and Europe. 8, [17] [18] [19] The social patterning of infant mortality is generally similar across industrialized countries, with socioeconomic inequalities persisting over time, particularly in postneonatal mortality.
7,8,17-19
A number of factors may have contributed to the persistent or widening inequalities in infant mortality reported here. Temporal inequalities in IMR may partly reflect persistent or widening disparities in material and social living conditions as well as differences in behavioral and healthcare factors among social groups and geographic areas. 8 In the US, racial/ ethnic groups vary greatly in their socioeconomic, demographic, medical, and healthcare characteristics that are associated with infant mortality. 1, 2, 6 Poverty rates are at least two times higher among AIANs, blacks, Hispanics, and Native Hawaiians/other Pacific Islanders, and 15% higher among Asians compared with non-Hispanic whites. 20, 21 In terms of maternal education, 78% of Asian Indians and 77% of Koreans have a college degree, compared with 40% of nonHispanic whites, 16% of blacks, 18% of Hawaiians, 15% of Puerto Ricans, 9% of Mexicans, and 7% of Samoans.
22
Ethnic-minority children and adults in the US have lower rates of health insurance compared to nonHispanic whites. 20, 21, 23 In 2015, 6.3% of non-Hispanic whites lacked health insurance, compared with 11.0% of blacks, 20.7% of AIANs, 7.8% of Asians, and 9.9% of Hawaiians/other Pacific Islanders. 20, 21 AIANs, Hawaiians, and non-Hispanic whites have the highest rates of smoking during and before pregnancy, whereas women in all Asian groups have the lowest rates. 22 Samoans, AIANs, blacks, and Hawaiians are significantly less likely to receive early prenatal care (first trimester of pregnancy) than whites and Asians. Conversely, Samoans, AIANs, and blacks are 2 to 3 times more likely to receive late (third trimester) or no prenatal care. 8 Racial/ ethnic disparities in these social determinants and behavioral risk factors have existed for several decades. 6, 24 Income differences among educational groups in the US have increased over time, both in absolute and relative terms. The mean earnings differential between those without a high school diploma and those with more than a bachelor's education increased from $10,527 in 1975 to $67,631 in 2012, and the ratio of mean earnings increased from 2.7 in 1975 to 4.1 in 2012. 8, 25 There are strong educational gradients in smoking during pregnancy and prenatal care. Although rates of smoking during pregnancy have declined for all educational groups, they have declined faster for higher educational groups, leading to greater inequalities, as has been the case with smoking patterns in the general population. 6, 8, 24 Compared with those with a college degree, women without a high school diploma were 7.1, 11.6, and 15.8 times more likely to smoke during pregnancy in 1992, 2001, and 2015, respectively. 8, 14, 26, 27 Educational disparities in prenatal care have persisted over the past three decades, with women without a high school diploma in 2015 almost 4 times more likely to receive delayed or no prenatal care than college graduates. 14, 24, 27 Previous studies have attributed dramatic declines in IMRs over the long term to declines in mortality from pneumonia/influenza, birth defects, prematurity/ low birthweight, RDS, SIDS, and injuries. 1, 2, 8 Improvements in living conditions, advances in neonatal medicine and infant healthcare, reductions in smoking during pregnancy, and increased access to and use of prenatal care have been suggested as factors responsible for decreases in IMRs over the past several decades. 
Conclusions and Global Health Implications
Social inequalities in US infant mortality rates have persisted and remained marked, with the disadvantaged racial/ethnic and socioeconomic groups and geographic areas experiencing substantially increased risks of mortality despite the declining trend in mortality over time. Widening social inequalities in infant mortality have been cited as a major factor contributing to the worsening international standing of the United States. 1, 2, 8 Large and increasing disparities in infant mortality, particularly in recent decades, are contrary to the national health policy goal of reducing and eliminating health inequalities in the US and pose a significant barrier to further improvements in population health. 5, 8, 21 Narrowing the gap in infant mortality might require policies that are not only aimed at improving access to and use of early and comprehensive prenatal care, reducing tobacco and alcohol use during pregnancy and other health risks such as pre-pregnancy obesity, gestational diabetes, and hypertension, but also at mitigating the effects of inequalities in material and social living conditions, the underlying determinants of health inequities in infant mortality. 4, 8, 17, 21 
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Key Messages
• During 1916-2017, the infant mortality rate declined dramatically for both black and white infants; however, racial disparities in mortality generally increased through 2000 due to a slower decline in mortality for black infants. In 2017, black infants had a 122% higher risk of infant mortality than white infants.
• Detailed comparisons show an approximately five-fold difference in infant mortality among ethnic groups, with rates ranging from a low of 2.3 infant deaths per 1,000 live births for Chinese infants to a high of 8.5 for American Indian/Alaska Natives and 11.2 for black infants. • Infant mortality from major causes of death such as perinatal conditions, birth defects, sudden infant death syndrome, respiratory distress syndrome, and pneumonia and influenza showed a downward trend during the past 5 decades. However, there was a recent upturn in mortality from prematurity/low birthweight and unintentional injury.
• Educational disparities in infant mortality widened between 1986 and 2016. Mothers with less than a high school education in 2016 experienced 2.4, 1.9, and 3.7 times higher risk of infant, neonatal, and post-neonatal mortality than those with a college degree. Geographic disparities were marked and widened across regions and states during 1969-2016, with states in the Southeast region having higher infant mortality rates than those in New England and Pacific regions.
• Large and increasing disparities in infant mortality, particularly in recent decades, are contrary to the national health policy goal of reducing and eliminating health inequalities in the US and pose a significant barrier to further improvements in population health.
